Metallic antiferromagnets with noncollinear orientation of magnetic moments provide a playground for investigating spin-dependent transport properties by analysis of the anomalous Hall effect. The intermetallic compound Mn 5 Si 3 is an intinerant antiferromagnet with collinear and noncollinear magnetic structures due to Mn atoms on two inequivalent lattice sites. Here, magnetotransport measurements on polycrstalline thin films and a single crystal are reported. In all samples, an additional contribution to the anomalous Hall effect attributed to the noncollinear arrangment of magnetic moments is observed. Furthermore, an additional magnetic phase between the noncollinear and collinear regimes above a metamagnetic transition is resolved in the single crystal by the anomalous Hall effect.
I. INTRODUCTION
Today's spintronic devices mostly utilize the spindependent electronic transport in or between ferromagnets. For a long time, antiferromagnetic materials with zero net magnetization have rarely been considered to be of interest for information storage due to the difficulty to externally manipulate or read-out the magnetization state. However, quite recently, antiferromagnetic metal spintronic devices have been proposed to show current-induced phenomena like in ferromagnets such as spin-transfer torque 1,2 , spin pumping 2 , and domain-wall motion 3 . This opens up new opportunities in creating functional devices based on antiferromagnets as active components 4 . In addition, zero stray fields, reduced switching currents, and ultrafast switching by light 5 are further advantages specific to antiferromagnets. In solid-state electronic transport, the Hall effect takes a unique position because it probes electronic states directly at the Fermi level and the normal part of the Hall effect provides for single-band metals a measure of the Fermi volume, i.e., the volume in momentum space enclosed by the Fermi surface. At the onset of magnetic order additional contributions come into play and the measured Hall resistivity ρ xy = V y t/I x (V y : Hall voltage across the sample width, I x : current along direction x, t: sample thickness) comprises, in addition to the ordinary term arising from the Lorentz force acting on the charge carriers, a contribution called extraordinary or anomalous Hall effect (AHE) ρ xy = R 0 B z + ρ AHE xy
(1) where B z = µ 0 [H z +(1−N z )M z ], and H z , M z , and N z are the magnetic field, magnetization, and demagnetization factor, respectively, along the z direction perpendicular to the xy plane. Equation 1 is valid for low magnetic a) christoph.suergers@kit.edu fields, where the cyclotron frequency ω c is much smaller than the mean scattering rate τ −1 of charge carriers, corresponding to R 0 B ≪ ρ xx . In long-range ordered ferromagnets, the AHE is a consequence of the broken time-reversal symmetry and spinorbit coupling (SOC) 6 . The latter leads to different scattering directions for spin-up and spin-down charge carriers which, together with the spin imbalance, creates a charge accumulation at opposite edges of the sample and a transverse electric field, i.e., a Hall voltage. The AHE is thought to arise from an extrinsic part attributed to energy-dissipative scattering and a disipationless intrinsic part arising from the Berry-phase curvature of the Bloch states in momentum space 6, 7 . The individual contributions to the measured Hall voltage depend on the amount of scattering. The Berry-phase concept provides a link between the electronic band structure and the magnitude of the AHE 6 . In ferromagnets, SOC gives rise to a fictitious local field corresponding to a Berry potential. The scattering-independent Berry-phase contribution is more important for the AHE than for any other electronic transport coefficient. Recent studies 8 revealed a crossover from the extrinsic (skew-scattering) region to the intrinsic region with increasing resistivity ρ xx . Scaling the AHE provides a connection between the magnetic and transport properties, enabling the universality class of the phase transition to be reliably determined from the AHE with a prospect of studying the role of dimension on the critical behavior 9 .
A. Hall effect in noncollinear magnetic structures
Early descriptions 10 of the AHE in an antiferromagnet (AFM) with two collinear sublattices of magnetization M 1 and M 2 considered a Hall effect proportional to the antiferromagnetic vector L = M 1 -M 2 . More recently, the AHE has been investigated in various systems with nontrivial arrangements of the magnetic moments. In these instances, the AHE was explained by the accumulated Berry phase of the electron when mov-ing through the spatially varying magnetization along its path, even without SOC. The remaining contribution to the AHE arising from the magnetic structure and not from SOC has been often related to a topological Hall effect (THE). A THE due to the Berry phase in momentum space was observed in Pr 2 Ir 2 O 7 and Nd 2 Mo 2 O 7 with pyrochlore structure where the localized spins do not exhibit long-range magnetic order 11, 12 . In the highly correlated metal UCu 5 , a chirality-induced 'geometrical Hall effect' independent of SOC has been shown to occur due to antiferromagnetically-coupled localized 5f -electron spins 13 . In the helimagnets MnGe, MnSi, or FeGe hosting a skyrmion lattice, a THE is due to the winding of the spin texture and the Berry potential in real space 14 . In fact, in this case the THE is a hallmark of skyrmion formation and has been used to reveal depinning and motion of skyrmions 15 . Emergence of a large AHE has also been predicted on the surface of an Fe monolayer on Ir(001) 16 . In contrast to ferromagnets where it is often assumed that the anomalous part of the AHE depends linearly on M , ρ AHE xy = S H ρ 2 xx M , a vanishing AHE is expected for an AFM with zero net magnetization. However, it has been shown that the intrinsic part of the AHE due to the Berry-phase curvature is not zero if certain symmetries are broken, for instance due to an applied magnetic field or SOC 17 . Although in a collinear AFM the total symmetry recovers and no AHE is generated, a nonzero AHE occurs in a noncollinear magnetic arrangement independent of the strength of SOC which can even be zero. The THE due to the strongly noncollinear magnetization texture should vanish when a collinear magnetic state is induced by a magnetic field H > H c . Alternatively, the AHE of an AFM should strongly change when the spin structure changes from collinear to noncollinear in dependence of temperature 17 . In this respect, hexagonal Mn 3 Ge and cubic Mn 3 Pt or Mn 3 Ir have been proposed to show a large AHE due to the nontrivial spin structure [17] [18] [19] . Furthermore, antiferromagnetic Mn 5 Si 3 is an interesting metallic compound which does show collinear and noncollinear phases at different temperatures and can thus serve as model system to study the different contributions to the AHE. In fact, an extra contribution to the AHE caused by the noncollinear magnetic structure and attributed to a THE has been reported for Mn 5 Si 3 films 20 . Noncollinearity may also be stabilized in the isostructural ferromagnet Mn 5 Ge 3 by uniaxial distortion 21 . Mn 5 Ge 3 and Mn 5 Ge 3 C x (x ≈ 1) have been proposed as ferromagnetic electrodes for spintronic applications due to their ability to grow epitaxially on Si and GaAs substrates [22] [23] [24] [25] [26] . In all these Mn compounds the different magnetic structures originate from the sensitivity of the Mn moment on the local atomic environment, in particular the Mn-Mn distances which are found to be the major factor leading to different site-dependent Mn moments 27 . Here, we report on measurements of the electrical resistivity and AHE of a Mn 5 Si 3 single crystal and polycystalline thin films. The latter show indications of a THE in the noncollinear phase which is absent in the collinear phase and for large magnetic fields. A similar behavior is found for the single crystal albeit with a hysteresis in the AHE. Moreover, the metamagnetic transition at high fields gives rise to a strong contribution to the AHE which is absent in the polycrystalline films. Comparison of the data allows to reveal the contributions from different magnetic phases to the Hall effect, such as a metamagnetic transition, and suggests an intermediate magnetic phase between the noncollinear and collinear phase in this compound.
B. Antiferromagnetic Mn5Si3
In the paramagnetic state, the hexagonal unit cell (space group P6 3 /mcm) with lattice parameters a h and c h contains Mn 1 and Mn 2 atoms on two inequivalent lattice sites. An effective magnetic moment of 3.6 µ B was determined from the paramagnetic susceptibility 28 . The occurrence of long-range antiferromagnetic order below the Néel temperature T N2 is accompanied by a distortion of the orthorhombic unit cell with lattice parameters a r ≈ a h , c r ≈ c h , and b r < √ 3a h 28-30 . In the AF2 phase between T N2 and T N1 , the Mn 1 and one third of the Mn 2 atoms do not exhibit an ordered magnetic moment. The remaining Mn 2 atoms have magnetic moments µ ≈ 1.5 µ B oriented parallel and antiparallel to the crystallographic b axis of the orthorhombic cell in a collinear fashion 28, 30 , see Fig. 1 . In the low-temperature antiferromagnetic AF1 phase below T N1 , the magnetic structure has monoclinic symmetry with atomic positions that can still be described with orthorhombic symmetry of the Ccmm space group without inversion symmetry 28, 29, 31 . In this phase, the Mn 1 atoms acquire a moment presumably due to the expansion of the lattice along the crystallographic c axis and the accompanied increase of the Mn 1 -Mn 1 distance [28] [29] [30] [31] . The moments point into different directions forming a highly non-collinear antiferromagnetic structure, see Fig.  1 . One third of the Mn 2 atoms still do not exhibit an ordered magnetic moment below T N1 . The non-collinearity is attributed to frustration 29, 30 . T N2 = 100 K and T N1 = 62 K have been also determined from susceptibility measurements, and indications of a third anomaly with hysteresis between 30 and 60 K have been found 28 . In that work, a non-collinear phase has been suggested for T < T N1 as well, however with a modified spin arrangement 28 .
II. EXPERIMENTAL
A 160-nm thick Mn 5 Si 3 film was prepared by magnetron sputtering from elemental targets on a sapphire substrate heated to 470
• C. A mechanical mask was used to obtain a Hall-bar configuration 32 . In addition, we dis- cuss data obtained on a 40-nm film which have been published earlier 20 . The hexagonal structure of the polycrystalline film was confirmed by x-ray diffraction. Sputtered films prepared under the same conditions have a coarsegrained morphology with a grain size less than 100 nm 32 . The Mn 5 Si 3 crystal was obtained by a combined Bridgman and flux-growth technique using a Mn-rich self flux and a low cooling rate of 1.2
• C/h and was characterized by powder x-ray diffraction as well, again confirming the formation of the Mn 5 Si 3 phase. A thin cuboid piece (0.9 × 3.9 mm 2 ) of 0.47 mm thickness with the crystallographic a h and c h axes aligned parallel to the long and short edge, respectively, and perpendicularly to the sample normal (z direction) was obtained after orientation by Laue diffraction. Resistivity and Hall-effect measurements were performed in a physical-property measurement system (PPMS) with the field oriented along the z direction perpendicular to the sample xy plane and with the current in plane. Hence, in the orthorhombic phase the magnetic field is along the b r direction. Data were taken for both field directions and were symmetrized by ρ xy (H) = [ρ xy (+H) − ρ xy (−H)]/2 for each field and by taking into account the direction of the measurement loop. Magnetization curves of the film and of the single crystal were acquired in a vibrating sample magnetometer up to 12 T and in a SQUID magnetometer up to 5 T with the field applied in the same orientation as for the Hall-effect measurements.
III. RESULTS

A. Thin films
The longitudinal resistivity ρ xx [ Fig. 2(a) ] shows a behavior characteristic for an AFM with a linear temperature dependence in the paramagnetic regime and a 'hump-backed structure'
33 below the Néel temperature T N2 as observed earlier for polycrystals 34 . From the derivative dρ/dT the transition temperatures T N2 = 99 K and T N1 = 68 K are obtained [ Fig. 2(a) , inset] in good agreement with values obtained for bulk polycrystals [28] [29] [30] . T N2 is nearly independent of the magnetic field while the feature at T N1 diminishes with increasing field, see Fig. 2(a) inset. The magnetization increases continously with field without saturation and with a slope that strongly changes with temperature, see Fig. 2(b) . The inset shows that M (1 T) has a maximum close to T N1 . Finally, Fig. 2(c) shows the Hall resistivity ρ xy for some selected temperatures in the noncollinear AF1 phase, at T = 50 K and 20 K well below T N1 , and at T = 70 K slightly above T N1 . While at the latter ρ xy shows an almost linear behavior with magnetic field, the Hall resistivity in the noncollinear regime exhibits a kink at a field H * indicated by an arrow.
For further analysis, we separated the contributions R 0 B and ρ AH xy to the Hall resistivity (Eq. 1) using the whole set of magnetotransport data with focus on the high-field regime and assuming ρ and is therefore not further taken into account. The inset in Fig. 2(c) shows that R 0 ≈ 5×10 −10 m 3 /As and S H ≈ 0 above T N1 in the collinear antiferromagnetic and in the paramagnetic phases, i.e., the Hall effect is exclusively due to the ordinary contribution. Both Hall coefficients, R 0 and S H strongly change below T N1 indicating a considerable change of the Fermi surface. In particular, S H attains negative values of −0.02 V − 1 at low temperatures. The solid lines in Fig. 2(c) show the field dependence of the Hall resistivity calculated from Eq. (1) with R 0 and S H . The deviation between the data and the calculation (shaded area) is of the order of 20 nΩcm at T = 20 K and is attributed to a THE arising from the noncollinear magnetic structure in the AF1 phase for magnetic fields below H * (Ref. 20) .
B. Single crystal
The resistivity of the single crystal in the paramagnetic range above 100 K is reduced by only 35 % with respect to the polycrystalline film, see Fig. 3(a) . Yet, the features of ρ xx (T ) at the two transitions T N2 = 100 K and T N1 = 60 K are much better resolved in the single crystal compared to the polycrystalline film. In the latter, averaging over all orientations in the electronic transport leads to a smearing of both transitions. Earlier resistivity measurements on Mn 5 Si 3 single crystals also revealed two separate transitions 36 . In a collinear AFM, the broad hump below the magnetic order-disorder Néel transition at T N2 is due to the formation of a magnetic superstructure larger than the crystal lattice and the new (smaller) Brillouin zone cuts the Fermi surface 33 . The clear separation of the two transitions in the resistivity not only persists in magnetic field but, in fact, becomes even more pronounced. While T N2 of the paramagnet/collinear-antiferromagnetic transition does not change with field, the transition temperature T N1 strongly decreases with increasing field. Neutron scattering and magnetic-susceptibility measurements on polycrystals already demonstrated that an applied magnetic field strongly reduces T N1 while T N2 remains unaffected 28, 31 . The field independence of T N2 is reminiscent of that of Mn 3 Si (Ref. 37) and possibly due to the stability and strong anisotropy of Mn 2 moments. On the other hand, not only is T N 1 suppressed markedly with field but, in addition, the resistivity at T N 1 (H) decreases strongly. At T N 1 (8 T) = 37 K the resistivity even drops below the low-temperature residual resistivity ρ xx (T → 0) of the noncollinear phase. This confirms that the spin-dependent scattering is much stronger in the noncollinear phase than in the collinear phase with a bipartite magnetic structure. Fig.  3(b) shows, for instance at T = 50 K, a sudden increase from a low-field magnetization, increasing linearly from M (0) = 0, to a much higher magnetization at a field H c . Similar magnetization curves have been reported earlier 36, 38 . The jump at H c was attributed to a metamagnetic transition from a low-field noncollinear phase to a high-field phase akin to the collinear phase observed in zero field above T N1 . The origin of a possible two-step transition at H c has to be investigated further. This metamagnetic transition is not observed in the 160-nm film possibly due to structural disorder and strong demagnetization effects, see Fig. 2(a) . At T = 5 K, M (10 T) = 310 kA/m perfectly agrees with previously published data 36 and corresponds to a moment of 1.66 µ B /Mn 1 or an average moment of 0.64 µ B /Mn. We note that in the noncollinear phase at low fields the magnetization increases with increasing temperature while at fields above the metamagnetic transition the magnetization decreases with increasing temperature. The former resembles the thin-film behavior, cf. Fig. 2(b) . A further detail is the weak hysteresis of M (H) at ≈ 3 T well below the metamagnetic transition, exemplarily shown for T = 50 K in Fig. 3(b) inset. The metamagnetic transition and the weak hysteresis are also observed in the magnetoresistivity [ Fig. 3(c) ] where the former leads to an almost 15 % reduction of the resistivity at 40 K as reported earlier 36 . In the collinear phase at 75 K, only a weak magnetoresistivity is observed. These two characteristics of the magnetic behavior of Mn 5 Si 3 are most clearly observed in the Hall effect, exemplarily shown in Fig. 3(d) for three different temperatures. At 40 K, ρ xy roughly linearly decreases to negative values with increasing field until, at H * ≈ 2.5 T, ρ xy starts to increase with a sign change to positive values. Eventually, ρ xy saturates and becomes independent of H until it sharply drops at a field corresponding to the metamagnetic transition at H c . In the collinear phase at 75 K, ρ xy shows an only weak increase compatible with S H = 0 and R 0 = 6 × 10 −10 m 3 /As, similar to R 0 observed for the thin film above T N 1 , cf. Fig. 2(c) inset. Moreover, for this orientation no hysteresis is observed for ρ xy when the field sweeps through zero, see the raw data for T = 50 K in Fig. 3(d) (inset) . Demagnetization effects have found to be negligible (< 1%) when taking into account N z = 0.635. Comparison of the AHE data confirms that at 40 and 50 K the (ordinary) Hall effect of the collinear phase at T = 75 K is recovered above H c , suggesting that the field-induced phase below T N1 is similar to the zero-field collinear phase above T N1 . Between H * and H c an additional field-induced magnetic phase exists with an AHE ρ xy (3 T) = 0.9 µΩcm that is nearly independent of field and magnetization. At T = 25 K an even larger ρ xy (5 T) = 2 µΩcm corresponds to a Hall conductivity σ xy ≈ ρ xy /ρ 2 xx = 102 Ω −1 cm −1 despite a low magnetization of M (5 T) = 50 kA/m. Interestingly, ρ xy also seems to be independent of the magnetoresistivity ρ xx (H) in this field range, cf. Fig. 3(c) . When reducing the field to zero, the field-induced intermediate phase becomes energetically unstable against the noncollinear arrangement which then gives rise to a strong decrease of ρ xy with a broad hysteresis of about 1 T.
The isothermal magnetization M (H) plotted in
IV. DISCUSSION
In the paramagnetic and in the collinear antiferromagnetic phases above T N1 = 60 K, the Hall effect of both Mn 5 Si 3 films and single crystal is dominated by the ordinary contribution ∝ R 0 B. At lower temperatures T < T N1 , the AHE of the single crystal shows a different behavior compared to the 160-nm film. For the single crystal, it is difficult to separate the contributions arising from the ordinary Hall effect and AHE and we discuss the results only qualitatively. Fig. 4 shows the characteristic fields H * for two films and the single crystal following a similar behavior. Below H * , the noncollinear spin arrangement facilitates a THE. However, the magnitude of the THE is much more pronounced in the single crystal compared to the polycrystalline films. The different sign of the small THE signal in the latter requires further investiagations. The vanishing of the THE at H * suggests the formation of two different field-induced phases, one between H * , the critical field of the noncollinear state, and H c , and one above the field H c of the metamagnetic transition.
Below H * , the Mn 1 ordered moments disturb Mn 2 moments leading to a tilting of all moments and to noncollinearity 28, 29, 31 . The magnetic configuration changes by an applied magnetic field due to a magnetostructural change from monoclinic back to orthorhombic symmetry with a decrease of the Mn 1 -Mn 1 distance. This change causes a large inverse magnetocaloric effect 28 . Neutron scattering suggests that in 1 T the sample is already in the AF2 phase at T = 63 K and likewise in 3.6 T at T = 58 K (Ref. 31). In 4 T, the orthorhombic phase established at 50 K remains down to the lowest measuring temperature of T = 5 K (Ref. 28 ). This interpretation of a stabilization of a collinear phase toward lower temperatures by a magnetic field is corroborated by the resistivity measurements [ Fig. 3(a) ]. However, the present results show that a collinear field-induced phase akin to the AF2 phase is only established above the metamagnetic transition H c where the Hall resisitivities above and below T N1 coincide. Between H * and H c , an additional field-induced phase generating a large positive AHE with hysteresis is inferred from our Hall-effect data. In this regime, ρ xy changes sign from negative to positive and becomes independent of H and M . A possible scenario would be a weak ferromagnetic coupling of the Mn 1 moments still maintaining noncollinearity of the Mn 1 and Mn 2 moments.
V. CONCLUSION
Comparison of the AHE of antiferromagnetic Mn 5 Si 3 films and a single crystal provides deeper insight into the magnetotransport properties compared to magnetoresistivity. Below a characteristic field H * , the noncollinear behavior of different Mn 1 and Mn 2 moments is maintained in the film as well as in the bulk crystal. This suggests that the large AHE attributed to noncollinearity is generated on a length scale of a few nm and is a local property not relying on long-range magnetic order. The variation of the AHE is more pronounced in the single crystal, for which an additional metamagnetic transition is observed at higher fields H c (T ) > H * (T ). The metamagnetic transition is not observed in the film possibly due to structural and magnetic disorder and/or strong demagnetizing fields. First-principle caculations of the band structure of the noncollinear phase are strongly needed to obtain the Berry-phase curvature for a quantitative discussion of the results.
